We investigate the possibility of probing an anomalous CP-violating coupling in the HWW vertex at the LHC. We consider the production of the Higgs in association of a W and then decay via the H → W W channel taking into account the limits on the Higgs production cross section from the Tevatron. We select the same-sign dilepton final state arising from leptonic decays of two of the three Ws and apply cuts required to suppress the standard model background. Several kinematical distributions and asymmetries that can be used to ascertain the presence of a non-zero anomalous coupling are presented. We find that, for Higgs mass in the range 130-150 GeV and anomalous couplings allowed by the Tevatron data, these distributions can be studied with an integrated luminosity of 30-50 fb −1 at the 14 TeV run. Attention is specifically drawn to some asymmetries that enable one to probe the real and imaginary parts (as well as their signs) of the anomalous coupling, in a complementary manner. We also explicitly demonstrate that showering and hadronisation do not affect the utility of these variables, thus affirming the validity of parton level calculations.
I. INTRODUCTION
The most well-motivated explanation for electroweak symmetry breaking is via the Higgs mechanism. Although the Higgs boson remains the only unobserved particle in the Standard Model (SM), there are both experimental and theoretical bounds on its mass. The LEP bound of 114 GeV has now been supplemented with the Tevatron bounds which rule out Higgs masses between 158 − 173 GeV [1, 2].
Here we consider the possibility of the Higgs boson existing somewhere between 130 − 150 GeV where the decay width of H → W W is appreciable. This is the range which has not yet been ruled out by the Tevatron and is likely to be probed at the earliest at the Large Hadron Collider (LHC) [3, 4] . On the one hand, there is substantial rate of production; on the other, the viability of the W W * decay channel avoids the requirement of the two-photon mode, and consequently the requirement of a large integrated luminosity for discovery.
In such a situation, we wish to probe whether the HW W -coupling is purely described by the standard model. Such couplings can be probed in the relatively clean leptonic channels and previous studies for HW W and HZZ couplings at the LHC can be found in [5] [6] [7] [8] [9] [10] [11] .
Many studies for both HW W and HZZ anomalous couplings also exist in the context of a future e + e − collider [12] [13] [14] [15] [16] [17] , eγ collider [18] and photon collider [19, 20] . LEP limits on anomalous Higgs couplings can be found in [21] .
The primary production channel at the LHC is through gluon-gluon fusion and would in principle be the cleanest to probe the HW W vertex. However, the decay H → W + W − leads to an opposite-sign dilepton signature which is prone to large backgrounds from pp → W + W − . This background is generally eliminated by removing back-to-back leptons with an appropriate cut [22] . However, these cuts are no longer useful when one wishes to probe the presence of anomalous couplings because the difference made by the anomalous couplings in angular distributions of dilepton events is often in this kinematic region. We therefore choose to probe the associated production channel instead. A study for probing the anomalous couplings in the vector-boson fusion channel can be found in [23] . One could also consider Higgs production via pp → ZH. However, if the HW W vertex has anomalous couplings, it would be natural to expect the HZZ vertex to also have such couplings. In that case, one is left to disentangle the interference of both HW W and HZZ vertices and this will further complicate the study of the HW W interaction.
Thus we explore the production of the Higgs via pp → W H, and its subsequent decay, again through the HW W coupling. The interplay of anomalous coupling in both the production and decay vertices makes the resulting phenomenology richer and more complicated, but free from contamination from other effects. The environment of a hadron collider and the presence of two neutrinos in the final decay products makes the reconstruction of the event and the extraction of a non-standard HW W vertex difficult. However, as we shall see, there are significant differences in angular distributions which may point to the presence of anomalous contributions. We will also specifically address the issue of effect of initial and final state radiation on the variables as this is a fundamental concern at the LHC.
The paper is organised as follows. In the next section, we acquaint the reader with the anomalous couplings, and go on to discuss model-independent strategies for probing the CPviolating anomalous coupling, in a parton level Monte Carlo approach. Our event selection criteria are also discussed there. Section III contains our numerical results, including various distributions and asymmetries relevant for the analysis. In section IV, we report the results of a study where hadronisation and initial and final state radiation are included, and try to convince the reader that these do not alter the conclusions of a parton level study in most cases. Our conclusions are presented in section V.
II. THE ANOMALOUS COUPLING AND ITS SIMULATION
The HW W vertex can receive corrections from higher dimensional operators like
The general HW W vertex may then be written in a model-independent way as Γ µν W µ W ν H where:
where p 1 and p 2 are the momenta of the two gauge bosons. For this study, we assume a completely phenomenological origin of b andb. The Standard Model vertex then corresponds to b = 0,b = 0 and a = 1. We particularly wish to investigate the effect of non-zero values ofb which would lead to CP -violation. Therefore, we set b to zero all along. We also include the possibility of a complexb, arising out of some absorptive part in the effective interaction.
A. Simulation
To start, a parton-level Monte Carlo analysis has been performed for investigating the kinematical consequences of the CP-violating anomalous vertex at the LHC, using leptons in the final state. In section IV, we will show that the results of this simplified analysis are not altered by showering and hadronisation effects. We factorize the entire matrix element into two pieces pp → Hℓν(ℓ = e, µ)and H → W W * → ℓνf f ′ [24] . Since the Higgs is a scalar, we expect that this does not affect the spin correlations. Both matrix elements have been calculated using Form [25] . For the first part of our study, we perform a simple smearing of the lepton momenta to approximate detector effects with a Gaussian of width given by σ(E) = aE + b √ E with a = 0.02 and b = 0.05 [33] . The lepton identification efficiency has been assumed to be 100%.
We present our calculations for a proton-proton centre-of-mass energy of 14 TeV. The signal rates are too small at 7 TeV to be accessible at the current run with the projected luminosity. The cross section is calculated using the CTEQ6L1 parton distribution functions [26] using with the renormalisation and factorisation scales both set at √ŝ , the subprocess centreof-mass energy.
The modification of the leading order (LO) decay width in the H → ff ′f f ′ channel has also been calculated and taken into account in each case. We focus on same-sign dileptons (SSD), when only one of the W s from the Higgs decays leptonically. It is less profitable to look into exclusive opposite-sign dilepton because of the large background from W + W − production. In Higgs searches, this background is generally suppressed using a cut on the angle between the two leptons -the ones from W + W − production are mostly back-to-back whereas those from Higgs decay are highly collimated. Since the excess events due to the term proportional tob tend to also increase the angle between the opposite-sign leptons, we cannot really use this as a criterion for cutting out the background. We can also look at trilepton states when both the W s decay into leptonic final states but we omit them for this work due to very low cross sections.
The Tevatron has certain bounds on the cross section of Higgs production. The latest CDF bounds in the SSD channel with 7.1 fb −1 data on the ratio of the Higgs production cross section to the SM rate in the electron and muon channels are 9. coupling affects only the production via the associated W H production for which the bounds are not as strong. We present the results in our paper for a value |b| = 0.2 which satisfies the above CDF bounds.
B. Backgrounds and Cuts
At the LHC, the largest contribution to the background for SSD comes from semileptonic B-meson decays in bb production where one of the B-mesons oscillates into its charge conjugate state. It has been well-known for some time that the isolation cuts alone are not enough to suppress this background [28] but an additional cut on the transverse momentum (p T ) is required. We found that demanding an additional p T -cuts along with a cut on missing transverse energy (E / T ) is very effective for suppressing this background. We require two isolation cuts on the leptons, viz. the sum of p T of all particles within a cone of 0.2 around the lepton should be less than 10 GeV and the separation from the nearest jet should be less than 0.4. However, these cuts are only fully relevant after parton showering and hadronisation and therefore will be considered in detail in section IV. Therefore, the set of cuts used for the parton-level analysis are:
1. Lepton rapidity : | η |< 2. 
III. NUMERICAL RESULTS
After applying the cuts described in the previous sections, we are left with a fairly pure sample of events. Therefore we shall present the distributions for signal events only. Since the strength of the cross section for different values of the anomalous coupling are already given in Figure 1 , we will be presenting only the normalised distributions for the rest of this work. We also present distributions only for Higgs mass (m H ) of 150 GeV since the cross section in this case is larger. The distributions for m H = 130 GeV are qualitatively similar. The asymmetry distributions are shown for both Higgs masses and it will be seen that m H =130 GeV is in fact more sensitive to some of them. two leptons in the SSD channel are labeled in descending order of their p T . We then define
T . The charge of the SSD points out whether we have a W + or W − initiated process. Next, we consider the distribution in the angle between the two same-sign leptons. In the absence of any cuts, the distribution peaks at θ = 0, i.e. cos θ = 1. However, the p T cuts remove nearly all these highly collinear events. The peak for SM curve is shifted from cos θ = 1 to cos θ ∼ 0.5. Figure 3 We then look at the ∆φ distribution, where ∆φ is defined as φ ℓ 1 −φ ℓ 2 and φ stands for the azimuthal angle. In this case however, we adopt a different ordering of the leptons. We wish to identify which lepton is more likely to come from Higgs decay (ℓ 2 ) and which from the main hard interaction (ℓ 1 ). Since one of the W s from the Higgs decays into jets, we would expect the lepton from Higgs decay to be closer to at least one of the jets than the other lepton. We therefore pick the lepton with the smallest distance to any of the jets as ℓ 2 and then construct ∆φ. Contrary to the previous distributions, this distribution is particularly standard model case, we can construct two kinds of asymmetries, viz.
The first is a left-right asymmetry which captures the change in the sign of Re(b) but remains unaffected by Im(b). The effect of Re(b) on A SSD1 is shown in Figure 5 . The sign of the asymmetry is oppositely correlated to the sign of the coupling. We also look at A SSD2 distribution given in Figure 6 which describes how central the ∆φ distribution is. We notice that the effect of both Re(b) and Im(b) is similar in this regard. Therefore if A SSD2 shows a significant deviation from the SM value but A SSD1 does not, it would point to the presence of a non zero Im(b).
For a reasonable estimation at the LHC, we require that the asymmetries be reasonable separated from the SM value by at least three standard deviations. Using the formula in To complement the ∆φ variable which is sensitive to the sign of Re(b), we would also like to construct a variable that is sensitive to the sign of Im(b). We first reconstruct the W that has decayed into jets and obtain its rapidity, η W . We then construct ∆η
Where η 1,2 are the rapidities of the leptons ordered in the descending order of p T . We use the difference from η W to make the variable invariant under Lorentz boosts in the beam direction. This variable is most likely to be modified after taking into account initial and final state radiation (ISR and FSR) effects as the number of jets are modified. We shall deal with this concern in Section IV.
We also construct a similar variable, ∆|η| = |η 1 | − |η 2 | which shows sensitivity to Im (b) and is much less sensitive to Re(b). It also has the added advantage that one need not reconstruct the W and therefore can look into inclusive SSD final states and is therefore expected to be more robust to FSR effects. However, it should be noted that this variable is not invariant under longitudinal boosts. The distributions of ∆η and ∆|η| are shown in Figure 7 and 8 respectively. In both the cases, the ℓ + ℓ + final state is particularly sensitive to Im(b) < 0 whereas the ℓ − ℓ − one is sensitive to Im(b) > 0. Therefore, we can use these variables to confirm the presence of a non-zero Im(b) as only one of ℓ + ℓ + or ℓ − ℓ − will show a significant deviation from the SM value. The first variable is useful because it shows a larger asymmetry and can therefore be used with lower luminosity. However, the shift in the curve is independent of the sign of Im(b). The second variable on the other hand, has a lower asymmetry but changes sign depending on the sign of Im(b). We also find that the effect of non-zero Re(b) is much smaller and is un-correlated with the its sign. Here too, we can construct left-right asymmetries to better parametrise this difference.
The distribution of the asymmetry A SSD3 for different values of Re(b) and Im(b) is shown in Figure 9 . We can see that Re(b) affects both ℓ + ℓ + or ℓ − ℓ − symmetrically whereas Im(b)
shows a very pronounced asymmetry depending on sign. In all we find that the presence of anomalous couplings makes the ∆p T distribution harder and enhances the back-to-back region in the cos θ distribution. Since the reliable construction of the asymmetries requires accumulation of a large data set, we first test the presence of anomalous couplings using these two distributions. We can then use the three asymmetry variables to for positive and negative SSD to determine what kind of anomalous coupling is present. Let the labels (+) and (−) refer to the charge of the SSD. Then we can conclude the following: •
Since the asymmetry variables listed above are not explicitly CP-violating, it is possible that they might also be affected by the presence of CP-conserving anomalous coupling b.
We therefore wish to determine if it is possible to get similar results from a non-zero value of b and whether it is possible to distinguish the effect of the two kinds of couplings.
We perform a similar calculation of pp → hℓν and h → ℓνjj using the HW W vertex given in equation 1 withb = 0 instead. The cross section of Higgs production after including b is then required to also be within the Tevatron bounds. This corresponds to a value of |b| ≤ 0.05 which will be used for the rest of this section. We then examine the three asymmetries defined in the previous section with the same cuts.
We find that the ∆φ asymmetry A SSD1 and the ∆|η|-based A SSD4 are both completely unaffected by the presence of b. Therefore, these two together can constitute robust variables at the LHC for confirming the presence of a CP-violating anomalous HWW coupling. The second ∆φ-based asymmetry, A SSD2 is more negative in the case of CP-conserving anomalous couplings. However, the difference is small and measuring it with accuracy will require a large luminosity. The ∆η-based A SSD3 shows similar behaviour between non zero values b and Im(b). We can further discriminate between b orb type coupling by examining the ∆p T distribution which falls off much slower in the case of the CP conserving coupling.
This can set apart the presence of Im(b) quite distinctly. As an illustration, we present a comparison in Figure 11 . We find that difference in the distributions for 
IV. EFFECT OF SHOWERING AND HADRONISATION
Until now we have been working under the simplified scheme of parton-level Monte-Carlo analysis. However, initial and final-state radiation play a very important role at the LHC.
In particular the entire partonic system can acquire a transverse momentum due to recoil from ISR. One therefore needs to examine whether the effects of showering destroy the correlations we had examined in the previous section. In this section, we investigate this in the context of the distributions and asymmetries defined above.
We have started by obtaining unweighted events from the parton-level code, which are then passed through PYTHIA8 [29, 30] using the LHEF file format [31] . PYTHIA8 performs the initial and final state showers and hadronisation after which we use FastJet 2.4.1 with the anti-kt algorithm [32] with a cone size parameter of 0.4 to form the jets. Leptons are considered isolated if the sum of E T of particles around the lepton within a cone of 0.2 is less than 10 GeV and the separation with the nearest jet is greater than 0.4. All the variables and asymmetries are defined as before.
As an illustration, we first present the ∆φ distributions for a ℓ + ℓ + final state for a value ofb = 0.2 in Figure 12 . It can be seen that the distribution retains the correct left-right asymmetry. The ∆η distribution for ℓ − ℓ − and a value ofb = 0.2i is shown in Figure 13 and the ∆|η| distribution is shown in Figure 14 . In these cases too, we see that the distribution is fairly unchanged. Both these distributions can therefore be thought of as a robust variables for LHC analyses. We also present the values of the asymmetry variable constructed in the previous sections in Table II . The variable A SSD1 is the most robust as the values change only very slightly.
The ∆η dependent A SSD3 still shows an asymmetry based on sign of Im(b) but the effect is diluted after taking ISR effects into account. 
V. CONCLUSIONS
We have systematically examined the effects of a CP-violating HWW coupling on Higgs production and decay at the LHC. We probe this coupling via the W H associated production followed by H → W W * → ℓνff ′ which gives rise to same-sign dilepton final states. We take into account the Tevatron limits on the Higgs cross section to restrict the values of real and imaginary parts of the anomalous coupling. We find that, besides enhancing the production cross section, it also causes significant deviations in various kinematic correlations between leptons in the final state.
We have presented several variables whose distributions show significant deviation from the standard model case. We also define asymmetries constructed from three of them, viz. calculation is done at the leading order, and the inclusion of an appropriate next-to-leading order K-factor is expected to enhance the signal rates. We also present and compare various distributions at the parton level and after showering and hadronisation. We find that our conclusions are largely unchanged, even after taking the latter effects into account.
